In this paper, the masked two-dimensional array is modelled and designed to reduce the sidelobe levels at no extra processing or optimization for the elements locations and feedings. The masking will turn off the elements at the four corners with a circular boundary function and results in a redistribution and reduction of the sidelobes at the cost of increasing other negligible sidelobes. The new masked two-dimensional array has the advantage of easy manufacturing compared with the concentric circular arrays while maintaining almost the same sidelobe levels and patterns. The analysis of the proposed masked array shows that the sidelobe levels will be reduced by 4 dB at first sidelobe in the two major sidelobe planes (i.e. θ = 0 o and 90 o ) and is more reduced by up to 10 dB at other sidelobes. In addition, the sidelobe levels can be further reduced by applying any other sidelobe reduction technique as add-on improvement to the array pattern.
I. INTRODUCTION
Antenna arrays have an important role in most of communications systems including radar, sonar, mobile, satellites, and many others. The signals received from the antenna elements can be processed to obtain the desired signal while eliminating other unwanted ones. This property has an important impact on the system performance especially the carrier-to-interference ratio and hence improving system capacity and also the provided services. One of main important parameters of the array is its configuration which affect both of the fabrication and capabilities. One dimensional array can detect signals effectively only in one plane and therefore is used in onedimensional beamforming applications [1] . Circular array can be used in two-dimensional beamforming and has many applications especially in direction-of-arrival estimation (DOA) but suffers from the high sidelobe level which is approximately 8 dB below the main lobe level [2] [3] . Concentric circular array (CCA) is another array configuration where a number of circular arrays with different sizes are co-centered [4] [5] . CCA has the capability of beamforming in two-dimensions and provides radiation pattern which is almost independent on the azimuth angle of the array [4] . In addition, the sidelobe level is reduced in the CCA and is approximately 17 dB below the mainlobe level [4] . One major disadvantage of the CCA is the difficulty in fabrication where the separation and location of the elements are aligned circularly. For microstrip antenna arrays, the CCA provides difficulties in the feeding and alignment for each antenna element in the array. Another important and practical antenna array configuration is the twodimensional planar array where the elements are aligned in a two-dimensional plane with regular antenna locations and separations [3, [6] [7] [8] . This last configuration makes it easy to fabricate the array with any antenna type. A disadvantage of the two-dimensional planar array compared to CCA is the relatively higher sidelobe level which is about 13 dB below the mainlobe level. These higher sidelobe levels are almost aligned in two perpendicular planes with other reduced sidelobes in between. This sidelobes distribution is mainly dependent on the elements at the four corners of the array and can be reduced by controlling the feeding of these elements. Therefore in this paper, the two-dimensional planar array is designed to reduce the effect of corner elements on the sidelobe levels and distribution. The array will be simply masked with a certain masking matrix to reduce the sidelobe levels at minimum processing requirements to gain almost the same sidelobe level as in CCA while maintain the advantage of easy fabrication of twodimensional arrays. The paper consists of seven parts and is arranged as follows; in section II, the beamforming system of masked two-dimensional array is introduced and the masking matrix is formulated in Section III. The circular mask is provided in Section IV and its impact on the array radiation pattern is demonstrated in Section V. Finally, Section VI provides some conclusions for the paper.
II. BEAMFORMER FOR MASKED RECTANGULAR ARRAYS
In this section we will describe a general geometry of rectangular arrays with masking. The geometry is shown in Fig. 1 where a rectangular array resides in the −plane and an observation point P is located at a spherical co-ordinate , , ∅ . The mask will screen some of selected elements especially at the edges of the array while it can also screen other interior elements according to the required design of the radiation beam. Assuming equidistant element separation of halfwavelength and isotropic elements with neglected coupling effects, we can write a general steering matrix for the uniform planer array as follows: 
where , is the normalized distance from the element , to the origin of the coordinates and is given by:
and ∅ , is given by:
The beamformer for masked rectangular arrays is depicted in Fig. 2 where the weighting matrix of the array is comprised by two parts: the first is the mask prescreening matrix and the second is a general add-on weighting matrix and may be for example a tapered function for further sidelobe reduction.
III. GENERAL FORMULATION OF THE MASKING MATRIX FOR RECTANGULAR ARRAYS
The masking matrix is simply a rectangular matrix of the same size as the steering matrix , , ∅ or of × elements and each element in this matrix is equal to either 1 or 0 according to the screening figure applied to the array. The zeros in the mask matrix are simply representing permutation of the corresponding antenna elements. Figure 2 displays a mapped array to cope with the masked steering matrix where the x-axis is directed downward while the y-axis is towards the right hand. There are several possible shapes of the array mask according to the shape of the array edges. Figure 4 displays a set of possible masking matrix including triangular-cut edges, rounded edges, hole-plus-edges, and nonuniform edges. The masking matrix can be also shaped in its interior only or in both interior and at the edges. In the next section, we will examine some of these masks and demonstrate how to formulate the corresponding matrix, show the overall weighting matrix of the shaped array, and depict the effect of masking on the radiation pattern, beam shape and sidelobe levels. 
IV. MASKING MATRIX FOR CIRCULAR EDGES TWO DIMENSIONAL ARRAYS
In this section, the masking matrix will be formulated for the circular rounded rectangular array edges. Assume that the array is formed and arranged as shown in Fig. 3 by matrix of M × N isotropic elements. Generally, the value of M and N may be different in value therefore we will divide the overall array matrix into five sub matrices as shown in Fig. 5 where four of them are located at the array edges while the remaining fifth sub matrix is located at the middle of the array and is oriented either vertically or horizontally according to whether M or N is greater. In Fig. 5 , it is assumed that M > N so there will be a stripe of elements in the horizontal direction around the array middle. We will formulate the mask sub matrix at the first upward left side of the array ( 1 ), then extending the definition to include the overall masking matrix. As M ≥ N, then the dimension of the first corner matrix will be given by:
If N > M, then (7) will be The masking procedure for almost-rounded circular edges will be obtained by quantization process for the excluded or masked elements. This process performs the following steps:
1-Convert the element index into a radial index distance from the downward right corner point in the sub array matrix.
2-
Compare this distance for each element in this sub matrix to a threshold radial distance.
3-
Exclude elements greater than this threshold.
The radial index radius is measured from the last element in the sub matrix to any element within this matrix. The last element in the corner sub matrix is denoted by the local origin index or ( ) where i is the index of the quarter. The origin index of the first corner sub matrix is located at: 
The threshold index distance ( 1 ) for the circular edge array will range from a minimum value corresponding to the indices:
And the maximum will be at (1, 1) or
Therefore we may write 1 as follows:
Noting that in the case of maximum threshold value, the array will be not masked and all antenna elements will participate in the overall gain of the array. Now the masking matrix in the first quarter will realize the following criteria:
(14) Figure 5 shows the variation of the radial index distance with the element indices in the upper-left quarter and assuming square even array (i.e. M = N and M and N are even and equal 40). Actually the masking procedure performs digital masking for the array elements at the corners where the elements with index distance greater than the threshold value will be trimmed. The profile of the new edges is not necessarily circular due to the elements distribution but at lower threshold distances near the minimum value, it will be almost rounded in a circular way. Now, the second corner sub mask matrix can be easily found as follows:
while the third corner sub masking matrix can will be:
and finally, the fourth corner sub masking matrix can will be:
where the operator rotates the matrix by 180 o vertically while rotates the matrix by 180 o horizontally.
In the case where ≠ , there will be a "stripe" sub matrix which is located at the middle of the array either vertically or horizontally. This sub matrix has the dimensions of
and is formed by ones ( ) inserted into the overall masking matrix to have the same size of the array. Therefore the overall masking matrix will be given by:
This matrix may be further rotated by any angle according to the azimuth direction of the beam. (19) As the normalized threshold decreases, more elements are excluded from the array at the corners and the array has almost circular edges at 1| = 0.707. The effect of the masking operation at different normalized thresholds is depicted in Fig. 7 where the array normalized gain is displayed at different planes of ∅ for the same arrays in Fig. 6 respectively. In general, the rounded masks in Fig. 6 will redistribute the sidelobes of the array in both angles and levels. In Fig. 7(a) , there is no masking and there will be two major planes at which the highest sidelobes are located. These planes are at ∅ = 0 o and ∅ = 90 o . Reducing the threshold slightly will reduce slightly the main sidelobes levels and the raise the other lower sidelobes. The process continues as in Fig. 7(c) where the sidelobe levels at ∅ = 0 o and ∅ = 90 o are reduced while the other planes of ∅ will raise and finally at 1| = 0.707, almost sidelobes have equal envelopes as shown in Fig. 7(d) but the highest envelope will be lower than that in Fig. 7(a) by at least 3dB at the first sidelobe. and 1| = 0.707 where the major sidelobes envelopes has reduced be 3 dB at the first sidelobe and are down by approximately 10 dB near the endfire direction of the array. This reduction in sidelobe levels has been actually done without performing any processing for the array weights. The mainlobe can be directed by simply adjusting only the phases of the signals at the array elements as in conventional phased arrays. A complete view for the array radiation pattern at different values of 1| is shown in Fig. 9 (a) , (b), and (c) where the array size is 20 × 20 elements. In these figures, the isolated spots represent sidelobes in the pattern. These isolated spots will merge and dissolve together and are converted to almost ring sidelobes as shown in Fig. 9 (c) at
V. PERFORMANCE OF CIRCULARLY MASKED-RECTANGULAR ARRAYS
707. An important notice in these figures is that the masking operation will reduce the number of elements of the array and correspondingly the array gain will be reduced also, therefore for proper comparison we should compensate the masked array with extra elements by preincrementing the array size at 1| = 1 so that after masking the number of elements will be almost the same. For example, the total number of elements at an array size of 20 × 20 is 400 elements which will be reduced to 284 elements and the mainlobe power gain will be reduced by 0.71. Now if we pre-increment the array to 23 × 23, this will give 416 elements after masking which is the nearest array size to the original 400 elements. This presetting will compensate for the increased beamwidth as well as the reduced mainlobe gain resulted from the masking operation. The threshold operation will result in a "quantized" array size because the element corner distance is also a discrete value. That is why we search for the nearest pre-array size.
In Fig. 11 , the array size variation of square arrays with the one-dimensional number of elements for the unmasked and masked array cases is depicted where in the unmasked array it is simply following quadratic equation while in the 13 depicts the radiation patterns of almost the same number of elements while one is unmasked and the other is masked at 1| = 0.707. The two arrays almost have the same beamwidth and the unmasked array has a size of 18 × 18 elements (i.e. total of 324 elements) while the other array is designed by 22 × 22 pre-incremented masked array and the actual total number of elements is 344 elements. After designing the masked array, the active elements are only implemented and practically fabricated. There will be a negligible difference between the two array power gains due to the extra 20 elements in the masked array and the percentage of power gain increase is only 0.38%. The two major sidelobe planes are shown in Fig. 13 where by using almost the same number of elements, the masked array will have reduced sidelobe levels starting from approximately 3 dB decrease for the first sidelobe level (i.e. -17 dB for the masked array) to more than 10 dB at some other sidelobes. VI. CONCLUSION In this paper, the two-dimensional array has been designed with a lower sidelobe level without any extra processing by masking the elements at the corners of the array. The analysis of this array has shown that an array can be designed by almost the same number of elements with rounded array corners and provide more than 4 dB reduction in the sidelobe level and can be 10 dB at farther sidelobes. The New design has the advantage of the simple two-dimensional array manufacturing compared to the concentric circular array which gives the same sidelobe level. 
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